Human T-cell leukemia virus type-I (HTLV-I
Introduction
miRNAs play critical roles in tumorigenesis by acting on oncogenes and/or tumor suppressor genes. 1, 2 In addition, studies strongly suggest that miRNAs may play important roles in normal or malignant hematopoiesis, including the differentiation of hematopoietic stem cell progenitors (HSCPs), their self-renewal, and the function of immune cells. [3] [4] [5] [6] Although human T-cell leukemia virus type-I (HTLV-I) infects and replicates in a broad spectrum of cells in vitro, the in vivo tropism is restricted. The typical adult T-cell leukemia (ATL) cell is usually an activated, mature CD4 ϩ T-cell. However, HTLV-I has also been shown to infect and replicate in CD34 ϩ hematopoietic stem cells (HSCs), 7 and recent studies suggest that the Tax protein can alter hematopoiesis and differentiation of CD34 ϩ cells. 8 In addition to lymphocytosis, granulocytosis and monocytosis are frequently observed in ATL patients, 9 and the number of naive T lymphocytes is markedly suppressed in patients with acute ATL. 10 It is also well documented that ATL patients suffer severe immune dysfunctions.
Methods
Patient characteristics 11 are provided in Table S1 (available on the Blood website; see the Supplemental Materials link at the top of the online article). All samples were collected after informed consent was obtained in accordance with the Declaration of Helsinki and in agreement with regulations for the protection of human subjects and after internal IRB approval from the University of Kansas Medical Center. The MicroRNA Bioarrays and stem loop quantitative real-time reverse-transcriptionpolymerase chain reaction (RT-PCR) are described in Document S1.
Results and discussion
We analyzed the miRNA profile from 7 ATL patients' samples and 3 HTLV-I-negative donors using the mirVana miRNA Bioarrays (Ambion, Austin, TX). Several of the miRNAs whose expression were found to be deregulated in ATL cells are involved in hematopoiesis, differentiation, and innate immunity ( Figure 1A,B) . In fact, in silico analysis with several miRNA targeting programs identified similar targets (Table S2) . We found that all of the HTLV-I deregulated miRNAs in our study had the potential to target genes involved with hematopoiesis and/or the immune response.
A role for cancer-initiating stem cells has not been investigated in HTLV-I, despite being accepted for many types of leukemia. 12 However, several lines of evidence demonstrate the possibility of cancer-initiating stem cells during HTLV-I infection: (1) HTLV-I can infect HSCPs and proviral sequences are maintained during differentiation in vitro and in vivo. 7 (2) Reconstitution of T lymphopoiesis with HTLV-I-infected CD34 ϩ cells in severe combined immunodeficient (SCID) mice suggests that HTLV-I perturbs hematopoiesis. 7 (3) Tax induces cell-cycle withdrawal of HSCPs, which may prevent proliferation and exhaustion of HTLV-Iinfected leukemia stem cells. 8 To confirm the results obtained through our microarrays, real-time RT-PCRs on mature miRNA were performed. The results revealed a down-regulation of miR-181a in HTLV-I cell lines and ex vivo ATL tumor cells (Figure 2A ). miR-181a favors differentiation toward the B-cell lineage in HSCPs, 13 and, when expressed in the double-positive stage of thymocytes, miR-181a results in a decrease in peripheral blood T cells. 14 For personal use only. on April 15, 2017 . by guest www.bloodjournal.org From miR-181a also results in hyporesponsiveness to TCR signaling and a decrease in sensitivity to antigens. 15 The decrease in miR-181a expression is extremely relevant to HTLV-I biology, as HTLV-I has evolved several strategies to dampen TCR signaling and T-cell activation to persist in the host.
In contrast to miR-181a, it has been shown that expression of miR-142 and miR-223 alters differentiation toward T lymphopoiesis. Ectopic expression of miR-223 and miR-142 in HSCPs induced a 30% to 50% increase in the proportion of T cells, but not B-lineage or myeloid cells. Interestingly, our studies revealed increased expression of miR-142.3p (Ϫ5p) and miR-223 in all ATL cells tested (Figure 2A,B) . miR-223 has also been shown to influence granulocytic differentiation. 16 Up to 20% of acute ATL patients have marked granulocytosis, which could be due to the elevated levels of miR-223.
Whereas miR-142.3p was regulated in a similar way in HTLV-I cell lines and ex vivo ATL cells, miR-223 was consistently up-regulated in ATL cells but down-regulated in all in vitro HTLV-I cell lines ( Figure  2B ). This unexpected pattern was also found for miR-150 ( Figure 2B ), which is strongly up-regulated during the differentiation of T and B cells. Ectopic expression of miR-150 in HSCPs has been shown to block the transition from the pro-B to pre-B-cell stage, thereby significantly reducing the amount of mature B cells. 17 miR-150 also moderately enhances T lymphopoiesis. Our results clearly identify 2 microRNAs, miR-150 and miR-223, that distinguish ATL tumor cells and in vitro HTLV-I-transformed cell lines and raise the possibility that these cells derive from a different cellular origin. Previous reports suggest that miR-223 is restricted to the bone marrow, HSCPs, and myeloid, erythroid, and lymphoid progenitor cells. Thus, a fascinating possibility would be that the target cell for HTLV-I in vivo is different and represents a less differentiated CD34 ϩ or CD34 Ϫ common lymphocyte progenitor (CLP) rather than a mature, differentiated CD4 ϩ T cell. Undeniably, more studies in this area are needed.
Our microarray and RT-PCR data also demonstrated a decrease in miR-146b and miR-125a in ATL cells (Figures 1B,2C For personal use only. on April 15, 2017 . by guest www.bloodjournal.org From miR-146a/b has also been proposed to target TRAF6 and IRAK1. In addition to its role in innate immunity, expression of miR-125a is increased in regulatory T cells (T-regs). 19 The decrease in miR-146b and miR-125a in ATL cells may, therefore, lead to increased inflammation and decreased T-reg functions, characteristics observed in HTLV-I-infected patients. 20 We also found that miR-132, another miRNA involved in innate immunity, was consistently down-regulated in in vitro and ex vivo ATL cells ( Figure 2C) .
Studies suggest that deregulated expression of miR-155 can have deleterious effects on normal immune function, 21 and that high levels of miR-155 can lead to leukemia/lymphoma. 22 We found elevated expression of miR-155 in HTLV-I-infected cells in vitro and ex vivo ( Figure 2D ). This makes sense, as miR-155 induction involves both NF-B and JNK, both of which are activated by HTLV-I. In fact, treatment of MT4 cells with NF-B and JNK inhibitors caused a decrease in miR-155 expression ( Figure 2D ). Among the numerous functions of miR-155, is its role in dendritic and T-cell interactions. This may be important for persistence of HTLV-I, because dendritic cells can transfer HTLV-I infectious virus to CD4 ϩ cells. 23 differentiation. 24 Because an efficient immune response to helminthic parasites, such as Strongyloides, involves a dominant Th2-type response and the incidence of ATL disease increases in patients carrying Strongyloides, 25 miR-155 may indirectly contribute to the pathogenesis of ATL. In summary, we found that miRNAs involved in normal hematopoiesis and immune responses are profoundly deregulated in ATL tumor cells ex vivo. Our findings also suggest that in vivo ATL cells and in vitro-established HTLV-I cell lines are derived from different cell populations. We propose that, in vivo, ATL cells are derived from infected HSCPs, a hypothesis that challenges the current notion that mature CD4 ϩ differentiated T lymphocytes are the target for HTLV-I-associated leukemia. Reduced expression of miR-181a and miR-146b may prevent myeloid pluripotent progenitor's differentiation and preserve stemness, a phenotype recently observed in vitro in CD34 ϩ infected cells by HTLV-I or Tax. However, if HTLV-I-infected progenitors initiate differentiation, the miRNA program may favor T-cell lineage and T-cell leukemia. Potential existence of leukemia-initiating stem cells controlled by miRNA in HTLV-I-infected individuals offers an exciting hypothesis for future studies.
